Unlike many other rosaceous fruit crops, commercial raspberry cultivars are largely self-fertile and mostly selfpollinate autogamously. However, their floral morphology does not allow for complete autopollination, which often yields unmarketable small or crumbly fruits. Insect visitation is therefore essential to maximize raspberry production. Honey bees are typically used to pollinate commercial raspberries, but escalating prices for hive rentals coupled with increasing acreage encourages evaluation of other manageable pollinators. Four other manageable bee taxa-various Bombus spp., Osmia lignaria Say, Osmia aglaia Sandhouse, and Osmia bruneri Cockerell-are all promising raspberry pollinators. Because honey bees remain the least expensive option on a per forager basis, adoption of an alternative pollinator should entail some other advantage, such as superior pollination efficacy. In this study, we compared honey bees with these other bee species for their pollination efficacies at red raspberries, measured as the number of drupelets resulting from a single visit to a virgin flower. Each species' single-visit pollination efficacy was also compared with drupelet set from both unvisited and hand-pollinated flowers, and their pollination effectiveness scores were calculated. All five bee species were equally effective raspberry pollinators; therefore, honey bees remain the most cost effective option for open field pollination of raspberry. Mason bees and bumble bees may have greater utility during cool weather or for protected cultivation systems, contexts unfavorable to honey bee foraging.
Commercial red raspberry (Rubus idaeus L.) cultivars are predominantly self-fertile (Keep 1968 (Keep , Żurawicz 2016 ; however, floral morphology precludes complete self-pollination (Shanks 1969) . Raspberry flowers typically have 60-120 stamens arranged in whorls around a central receptacle, and a similar number of pistils arising spirally from the receptacle. This arrangement allows only the outer stigmas to contact the anthers (Free 1993) . Each fertilized ovary develops into a single-seeded drupelet. Each drupelet is akin to a drupe fruit (e.g., a cherry) (Jennings 1988) . Raspberries are aggregate fruits composed of multiple drupelets whose cohesion depends on abundant drupelets. If too few drupelets set, berries will be crumbly and misshapen, rendering them unmarketable. Under-pollinated berries that do coalesce are smaller, as berry weight reflects the number of drupelets set (Chagnon et al. 1991) . Consequently, fruit yield and quality depends upon insect pollination (Bekey 1985 , Shanks 1969 , Wieniarska 1987 . As with most crops, managed honey bees (Apis mellifera L.) are the primary pollinators.
Europe and North America account for ~97% of global raspberry production. The United States is second in world production. Markets are expanding, with raspberry acreage doubling since 1986, reaching 106,631 ha harvested worldwide in 2016 (FAOSTAT 2017) . During that time, United States land devoted to raspberry production tripled to 8,765 ha (FAOSTAT 2017) , mostly in the Pacific coast states. Most California raspberry acreage grew to satisfy year-round market demand for fresh berries, achieved through widespread adoption of high-tunnel production systems that greatly extend the growing season (Pritts 2008 , Demchak 2009 ).
Pollination costs have escalated during this time. In Oregon and Washington, honey bee hive rentals for raspberry pollination have doubled (to US$40/colony) over 20 yr, reflecting the mounting costs of colony losses (Burgett 1997 , NASS 2016 . California rental prices for raspberries rose even more to US$92/colony in 2016 (NASS 2016 ). California's shift to high tunnels exacerbates its pollination dilemma, as honey bees forage poorly under high tunnels (Neilsen et al. 2017) , likely due to the plastic film absorbing polarized UV wavelengths that honey bees use for navigation (Morandin et al. 2002) . Expanding acreage, more costly rentals from a shrinking supply of honey bees and shifting farming practices all highlight a need to discover other manageable raspberry pollinators.
Practical, manageable pollinators for a given crop must be affordable, reliable, and efficacious. In agricultural systems, where harvestable yield is paramount, a pollinator's efficacy is best measured by its contribution to the female reproductive function of the plant. Various indirect measures of pollinator efficacy, such as counts of stigmatic pollen loads, can exaggerate pollinator differences because they overlook the asymptotic relationship between pollen grains deposited and fruit set/size (Cane and Schiffhauer 2003) . A direct measure of fruit set or quality resulting from bee pollination is preferable, such as drupelet count in raspberry. Likewise, fruit set resulting from controlled numbers of floral visits is a more informative pollination measure than the more common practice of allowing bees to openly visit flowers (Shanks 1969 , Bekey 1985 , Chagnon et al. 1991 , Willmer et al. 1994 , Cane 2005 , Cane 2008 , Prodorutti and Frilli 2008 , Lye et al. 2011 , Sáez et al. 2014 . Openpollination can obfuscate relative differences in pollinator efficacies, as individual flowers are likely to accumulate different numbers of visits (Javorek et al. 2002) .
Experiments that both control for the number of bee visits and utilize a direct measure of pollination efficacy can be logistically challenging to implement, but have distinct advantages over other methods. Single-visit efficacy, measured for raspberry as the number of drupelets that result from a bee's single visit to a virgin flower, allows for straight-forward, direct comparison of pollinator efficacies. This method's data are readily transformed into an index of pollinator effectiveness (PE) (Spears 1983) . A PE index places efficacy in the context of the floral species' realized fruiting potential, allowing for better comparisons across studies and sites. The inverse of PE directly translates into the minimum number of visits needed to achieve full seed set.
Alternative or supplemental pollinators will only be adopted if they prove to be a practical, economical alternative to honey bees. To date, other manageable bees cost more than honey bees on a per forager basis and must, therefore, be more efficacious pollinators for their use to be justified. The alfalfa leafcutting bee, Megachile rotundata Fab., is a prime example. Female alfalfa leafcutting bees pollinate alfalfa greater than 25 times more effectively than honey bees (Cane 2002) . Although more expensive than honey bees on a per forager basis, their exceptional superiority as pollinators of alfalfa led to their becoming the world's most intensively produced and managed solitary bee (Pitts-Singer and Cane 2011). Evaluations of promising new pollinators for crops begin with comparative studies of pollination efficacy. Such studies are uncommon for raspberry, but the few bee species thus far investigated seem as good, if not better than, honey bees at pollinating raspberry (Willmer et al. 1994 , Cane 2005 , Cane 2008 , Sáez et al. 2014 . The most promising alternative manageable bees for raspberry are bumble bees (Bombus spp.) and mason bees (Osmia spp.).
Bumble bees are likely the most important wild pollinator of raspberry (Winston and Graf 1982 , Mackenzie and Winston 1984 , Willmer et al. 1994 , Lye et al. 2011 , Sáez et al. 2014 , Neilsen et al. 2017 , and several species are commercially available (Velthuis and Dorn 2006) . Most production guides recommend their use as disposable pollinators of greenhouse-grown raspberry (Pritts et al. 1999 ). In the United States, only colonies of one eastern species, B. impatiens, are available for purchase. Willmer et al. (1994) reported that bumble bees deposited about twice the amount of pollen per visit to a raspberry flower than did honey bees. Mason bees are solitary, cavity-nesting bees, some of which will accept man-made nesting substrates, making them amenable to commercial management. Several species of mason bees have been developed as pollinators of rosaceous tree fruits (reviewed in Sedivy and Dorn 2014).
Largely due to behavioral differences at the flower, these bees have proven more effective than honey bees for pollinating several other rosaceous crops, such as almond (Bosch and Blas 1994) , apple (Vincens and Bosch 2000) , and pear (Monzón et al. 2004 ). Cane (2005) noted similar behavioral contrasts between Osmia aglaia Sandhouse and honey bees foraging on raspberry flowers, but both species proved equivalent for raspberry fruit production, albeit with unconstrained floral visitation (Cane 2005 , Cane 2008 ). Sáez et al. (2014) found no relationship between drupelet set and the number of pollen grains deposited per raspberry stigma by bumble bees, even though pollen counts spanned the range reported for a single honey bee visit (Willmer et al. 1994) . To refine comparisons of efficacy, the performance of various bee species needs to be evaluated on a pervisit basis with a direct measure of PE.
In this study, we compare the pollination efficacies of five manageable bee species visiting three raspberry cultivars. We controlled single visits to virgin raspberry flowers by nesting female O. aglaia, Osmia bruneri Cockerell, Osmia lignaria Say, bumble bees, and honey bees. We counted the number of drupelets resulting from these visits, providing a direct comparative measure of each pollinator's efficacy. Comparisons across cultivars and site contexts were facilitated by calculating a PE index, which incorporated differences in drupelet set attributable to autogamy (Spears 1983) . From this index, we estimated the minimum number of visits required for full pollination. In particular, we asked two questions: 1) are any of these four bee species superior to honey bees in pollination efficacy for raspberry and 2) is the magnitude of the difference in efficacy alone sufficient to warrant adoption of an alternative pollinator for raspberry?
Methods

Bee Species Studied
Three species of mason bees were tested for pollination efficacy. The West Coast species, O. aglaia, ranges from southern California to west-central Oregon. They naturally emerge in late spring, coinciding with raspberry bloom in the Pacific Northwest. They readily nest in polystyrene foam substrates (with paper straw liners) even when limited to raspberry pollen and nectar (Cane 2005 , Cane 2008 Although not yet evaluated as a raspberry pollinator, it does forage on raspberry flowers and uses the same nesting substrate as O. aglaia. Lastly, O. lignaria is native to much of the United States. It has an affinity for rosaceous flowers, effectively pollinating numerous spring-flowering fruit tree crops, such as almond (Bosch and Blas 1994) , apple (Torchio 1985) , and cherry (Bosch et al. 2006) . Management of O. lignaria is welldefined (Bosch and Kemp 2002) , and bees are available for purchase in large numbers. Unlike the other two species of mason bee, O. lignaria's flight season precedes raspberry bloom by a month or more. Wintering these bees near 0 o C successfully delays their emergence without compromising longevity, vigor, or survival (Andrikopoulos unpublished data).
Free-flying honey bees and bumble bees were tested for their raspberry pollination efficacies. Bumble bees used in this experiment were wild Utah species, including Bombus huntii Greene, Bombus nevadensis Cresson, Bombus griseocollis Degeer, and Bombus fervidus Fabricius. Bumble bee species are similar in per-visit pollen deposition at raspberries (Willmer et al. 1994) . Because some bumble bees can be misidentified in flight and netting them could scare away other foragers, we chose to forego positive identifications.
Experimental Design
Mason bees were evaluated for pollination efficacy of red and purple raspberry cultivars within a glass greenhouse, and in outdoor field cages with 3-yr-old raspberry plants at the USDA ARS Pollinatinginsect Research Unit in Logan, Utah (41° 45′ N 111° 48′ W). In addition to single-visit pollination experiments within cages, the efficacies of free-flying honey bees and bumble bees were measured at previously bagged flowers in the same outdoor raspberry plots, but external to the cages.
Thirty 'Royalty' purple raspberry plants were planted in 3-gal pots in a 7.7-× 7.7-m glasshouse. A 6-× 6-× 2-m mesh cage was erected over the plants just prior to bloom. Pollination by O. lignaria was evaluated in the glasshouse cage from 4 April to 1 May 2015. Twenty-four female and 24 male O. lignaria were released into the cage on 4 April. Data were collected only for floral visits by nesting females, as these bees typically perform the bulk of pollination services to crops. Trials ran on sunny days between 0900 and 1800 h MST. In 2016, nesting female O. lignaria were again evaluated in the glasshouse between 15 April and 5 May. The experimental protocol was the same as in 2015, except the red raspberry cultivar 'Latham' was added.
Two additional mason bee species were tested in the outdoor field cages from 15 May to 15 June 2016. Mean daily temperature during the experimental period was 20°C (range 8-30°C) (MesoWest 2017). Trials ran between 0900 and 1800 h MST. The planting consisted of six 11-m rows: one row had a mix of cultivars, two had the red raspberry 'Polka', and one row each of the red raspberry 'Cowichan' and 'Latham', as well as the purple raspberry, 'Royalty'. Only the latter three rows were used for visitation data, although not all bees were tested on every cultivar. Earlier blooming 'Polka' fed the caged bees and supported their initial nesting. Rows were spaced 3 m apart and cultivars were alternated by row to promote outcrossing, as cultivars benefit from cross-pollination (Colbert and de Oliveira 1990 , Żurawicz 2016 , Żurawicz et al. 2018 . Two 6-× 6-× 2-m mesh field cages were erected over half of the plot such that half of each row was inside a cage and half of each row was outside. Females of 10 O. lignaria and 20 O. bruneri were released in one cage containing 'Latham' and 'Cowichan' red raspberry; another 10 O. lignaria and 10 O. aglaia females were released into the second cage containing 'Royalty' purple raspberry and 'Polka' red raspberry. An equal number of males of the respective species were released into the cages, but as with the glasshouse experiment, visitation data were only collected for nesting females. During this same time period, free flying honey bees and bumble bees were allowed single visits to previously bagged flowers outside of the cages.
Measures of Pollination Efficacy
Single-visit pollination efficacy was evaluated as the number of drupelets resulting from a bee's single visit to a receptive virgin flower. To restrict visitation, flowers in late-bud stage were randomly chosen and enclosed in fine nylon mesh bags. Upon flower opening, several bags were removed simultaneously and virgin flowers watched for the first visit by one of the focal bee species. Once visited, flowers were tagged with a colored band around the pedicel to indicate the treatment. Flowers were then immediately rebagged to prevent further visitation until focal flowers were no longer receptive and fruit development was initiated. Additional bagged flowers were left either unvisited or hand pollinated to represent minimum and maximum drupelet sets, respectively. Hand-pollinated flowers were used instead of openly pollinated (unrestricted visitation) flowers due to potential differences in visitation frequency inside and outside of the cages. Recipient flowers were hand pollinated by lightly brushing the stigma with a fine paint brush that had previously been brushed against the anthers of several donor flowers of multiple cultivars. Hand pollination was compared with open-pollination to ensure that this treatment represented maximum fruit set. Wet pistils can interfere with pollination; therefore, data were only collected in fair weather after at least 24 h without rain or dew. Flowers that were exposed to rain within 24 h of being pollinated were excluded from the experiment. Berries were allowed to develop until early pink stage, about 3 wk after pollination, at which point they were harvested and frozen until drupelets per fruit could be counted.
The pollinator effectiveness score (PE) for each species of visitor was calculated according to Spears (1993) as
P i is the the mean number of drupelets set resulting from a singlevisit by species i, Z is the the mean number of drupelets set in the absence of visitation, and U is the the mean number of drupelets set when hand pollinated. The estimated number of visits required for maximum pollination was calculated as 1/PE i .
Data Analyses
Drupelet counts from the greenhouse planting in 2015 were compared with a one-way ANOVA to test for differences in drupelet set among pollination treatments (PROC GLM; SAS v.9.4.2). Drupelet counts from the greenhouse plants in 2016 were compared with a mixed model ANOVA with plant as a random factor (PROC MIXED; SAS v.9.4.2, Raleigh, North Carolina, USA); cultivars were analyzed separately. Drupelet counts from the outdoor planting in 2016 violated the assumptions of normality and equality of variance and therefore were compared using the Kruskal-Wallis test (PROC NPAR1WAY; SAS v.9.4.2). A Tukey-Kramer post hoc test was used to determine which treatment means differed for data analyzed by ANOVA. Wilcoxon rank sum comparisons were used to determine which treatment means differed for data analyzed with the KruskalWallis test. The significance level used was P ≤ 0.05.
Results
All flowers that received additional pollination set significantly more drupelets than unvisited flowers. In the greenhouse in 2015, pollination treatments of purple raspberry flowers differed in the number of drupelets set per fruit (F = 74.1; df =2, 272; P < 0.0001). Flowers visited once by O. lignaria set a similar number of drupelets to the hand-pollinated treatment (Fig. 1) . In 2016, 105 'Royalty' purple raspberry flowers and 130 'Latham' red raspberry flowers received pollination treatments in the greenhouse. Pollination treatment again had a significant effect on the number of drupelets set for 'Royalty' and 'Latham' (F = 152.82; df = 2, 102; P < 0.0001 and F = 20.37; df = 2, 127; P < 0.0001, respectively) ( Fig. 1b and c) . For both cultivars, flowers visited by O. lignaria set a similar number of drupelets to the hand-pollinated treatment (Fig. 1) .
In the field-cage trial, a total of 1,798 red and purple raspberry flowers received pollination treatments (570 'Cowichan'; 888 'Latham'; 340 'Royalty'). Across cultivars, all pollinator treatments increased drupelet set over flowers without visitation. For 'Cowichan', mean numbers of drupelets were similar among the four bee species (χ 2 = 364.44; df = 5; P < 0.0001) (Fig. 2a) ; however, only O. lignaria and A. mellifera did not differ significantly from the hand-pollinated treatment (Fig. 2a) . For 'Latham', hand-pollinated flowers set significantly more drupelets than all bee pollinator treatments (χ 2 = 374.98, df = 5; P < 0.0001). Mean number of drupelets did not differ between O. lignaria and Bombus spp., or between Bombus spp. and A. mellifera (Fig. 2b) . Visitation from the slightly less efficacious O. bruneri resulted in fewer drupelets per fruit compared with visitation by the other three bees. For field-grown purple raspberry, hand pollination resulted in the greatest number of drupelets, and O. aglaia were more effective pollinators than honey bees (χ 2 = 108.22; df = 3; P < 0.0001) (Fig. 3) .
PE Score
PE varied with raspberry cultivar for each bee species (Table 1) . Honey bees exhibited the greatest variation, ranging from 0.510 ('Royalty') to 0.921 ('Cowichan'). On average, O. lignaria produced the highest PE, followed by Bombus spp., O. aglaia, A. mellifera, and O. bruneri. The estimated number of visits required to maximize pollination was less than two visits for all bee species (Table 1) .
Discussion
Bee visitation increased drupelet set two-to four-fold regardless of bee species or raspberry cultivar. All five bee species proved to be excellent pollinators of raspberry, with a single visit by either A. mellifera or O. lignaria sufficing to maximize drupelet set for some cultivars (Figs. 1-3) . A single visit by the least effective overall pollinator, O. bruneri, still resulted in >70% drupelet set compared with ~35% set for unvisited flowers. Our results suggest that as few as two visits by any of these bees should suffice to maximize drupelet set by raspberry (Table 1 ). All visits recorded in this experiment were to virgin flowers containing copious amounts of nectar. This is relevant for interpreting our results, as visit duration scales with nectar quantity (Bekey 1985 , Willmer et al. 1994 , and drupelet set is proportional to the duration of a bee's floral visit (Chagnon et al. 1991) . Therefore, although objectively estimating relative pollination at virgin flowers, these results may overestimate pollination efficiency of these bee species during subsequent visits to once-visited raspberry flowers.
We hypothesized that honey bees would be less effective than mason bees and bumble bees as pollinators of raspberry, due to differences in the bees' behaviors and how they interact with flowers. Contrary to our expectations, we only observed minor differences in drupelet set among bee species. Bumble bees deposit significantly more pollen on individual raspberry stigmas per visit than do honey bees (Willmer et al. 1994 , Sáez et al. 2014 ; however, the number of drupelets per fruit did not vary significantly with stigmatic load (Sáez et al. 2014) . We posit that, in terms of overall drupelet set for a berry, the number of stigmas receiving pollen is more important than the number of pollen grains placed on an individual stigma. If true, then behavior of the bee on the flower should be of greater consequence than its per-visit pollen deposition. By that reasoning, bees that contact more of the stigmas within a flower are likely to be more effective pollinators.
On a per-forager basis, honey bees are less effective pollinators than Bombus and Osmia bees at several other rosaceous fruit crops, including almond (Bosch and Blas 1994) , apple (Vincens and Bosch 2000) , and pear (Monzón et al. 2004 ). This difference is largely attributed to their foraging objective and positioning upon the flower. Honey bees that gather pollen are usually better pollinators than nectar foragers (Bosch and Blas 1994 , Monzón et al. 2004 , Vincens and Bosch 2000 , Willmer et al. 1994 . When collecting pollen from these tree fruit crops, honey bees land atop flowers, where they regularly contact the central stigmas and effect pollination. More commonly, foraging honey bees seek just nectar, which they often collect by 'side-working' the flowers, walking around the petals while probing the nectaries through gaps at the base of the androecium (Vincens and Bosch 2000). During such visits, the bee fails to contact the stigmas (Bosch and Blas 1994 , Monzón et al. 2004 , Vincens and Bosch 2000 . In contrast, Bombus and Osmia typically work the flowers from the top, regardless of foraging task, nearly always contacting the anthers and stigmas (Bosch and Blas 1994 , Cane 2005 , Monzón et al. 2004 , Thomson and Goodell 2001 , Torchio 1981 , Vincens and Bosch 2000 . Honey bees remain the primary commercial pollinators of these crops because they can be affordably provided in great abundance.
At raspberries, bumble bees are twice as likely as honey bees to forage for pollen, although the consequences of this difference in foraging propensity are not known for Rubus pollination (Willmer et al. 1994) . Mason bees are also far more likely to forage for pollen at Rubus flowers (Yokoi and Kandori 2016), and Cane (2005) noted that O. aglaia stands astride the central pistils when visiting Rubus flowers, ensuring contact with all the stigmas. In contrast, nectar-foraging honey bees at openly visited raspberry flowers were often seen walking in a circle around the nectaries, thereby failing to contact the central-most stigmas (Cane 2005) . We were therefore surprised that pollinators differed little in their handling of raspberry flowers. This might be due to the small size of raspberry flowers relative to those of apple or pear. Honey bees often approached virgin raspberry flowers from the side to probe the outer ring of nectaries, but inevitably they would then reach their heads or bodies across the flower to drink nectar, an action enabled by the smaller size of a raspberry flower. Nonetheless, honey bees did not pollinate cultivars equally well. They were poorer pollinators of 'Royalty', although still setting >50% of drupelets (Table 1) . This contrast may reflect cultivar differences in floral morphology or nectar abundance that alter bees' handling behaviors. Honey bees' tendency to side-work apple flowers varies with floral dimensions (Benedek and Nyéki 1996, Thomson and Goodell 2001) . The purple raspberry 'Royalty' is a hybrid of red (R. idaeus L.) and black (Rubus occidentalis L.) raspberries and may therefore have a floral morphology sufficiently different from the red raspberry species to explain the discrepancy in honey bee's pollination efficacy. The mason bees and bumble bees in this study approached flowers as expected, alighting on and working from atop the central pistils. The most striking difference in flower handling was in the way O. bruneri groomed pollen from its body during floral visitation. Slow motion video revealed bees briefly hovering above the flower to transfer pollen to their scopa using their hind legs, then landing again to resume foraging. As a result, a single visit by an O. bruneri to a raspberry flower actually consists of several shorter visits in rapid succession. Drupelet set resulting from O. bruneri visits had a larger variance than that of other bees in the study, perhaps because they periodically hover to pack pollen, thereby interrupting their visit. Contact time with the flower, which is directly related to drupelet set (Chagnon et al. 1991) , may vary more per visit for O. bruneri than for bees that remain on the flower for the duration of their visit. Although it was not directly observed behaving in this manner, O. aglaia had a similarly higher variance in drupelet set. These two like-sized species are closely related and may, therefore, share this distinctive grooming behavior (Basibuyuk and Quicke 1999) .
In our study, no species greatly outperformed honey bees in single-visit efficacy. Despite rising colony rental prices, honey bees therefore remain the most economical and practical option for openfield raspberry pollination. The price of bumble bee colonies has dropped dramatically as rearing methods have improved (Velthuis and Dorn 2006) such that their purchase prices are now comparable to a honey bee hive rental. However, honey bee colonies can field thousands more foragers than a bumble bee colony. Mason bees are even more expensive than bumble bees on a per-forager basis. Of the three species examined here, only O. lignaria is currently commercially available, costing about US$1 per female, too expensive unless a grower can multiply them on-farm. Although honey bees remain the best option for open-field raspberry production for now, the price differential between them and other bees may close in the future. In Scotland, bumble bees are being used for open-field pollination of raspberries (Lye et al. 2011) . The economics of using Osmia is not yet demonstrated on commercial raspberries.
Alternative bee species may instead find greater utility pollinating raspberry grown in high-tunnels and greenhouses. Bumble bees and mason bees fair better than honey bees in confined spaces and under U.V. light altering plastic film (Pinzauti et al. 1997 , Morandin et al. 2002 . Honey bees visit fewer raspberry flowers growing in high-tunnels compared with open-grown plants on the same farm (Neilsen et al. 2017) . Honey bees may need to be more densely stocked to pollinate in high-tunnels; that added cost favors alternative pollinators that readily forage in in this setting. The current lack of a commercially available western U.S. bumble bee precludes their use for most high-tunnel production. In contrast, all three species of Osmia in this study are native to the western United States and, even in confinement, proved capable of effectively pollinating and reproducing on raspberry. In Italy, a European mason bee, O. cornuta, also reproduced well while effectively pollinating high-tunnel blackberry (Pinzauti et al. 1997) . Mason bees are, therefore, an excellent candidate for high-tunnel Rubus production. They also show promise as pollinators of greenhouse-grown raspberry. Our study is the first to demonstrate that O. lignaria flown in a glasshouse effectively pollinates raspberry. Currently, bumble bees are the sole pollinator recommended by production guides for greenhouse pollination (Pritts et al. 1999 , Dale et al. 2012 . More information on the required stocking densities of Osmia for greenhouse pollination is needed, but mason bees may be an economical alternative to bumble bees for greenhouse production of summer-bearing raspberries. However, bees with a different seasonality may be needed for late summer/autumn raspberry pollination.
Comparative studies, such as this one, are a first step in discovering alternative manageable pollinators for fruit crops. Our direct measure of single-visit efficacy contradicts previous claims that bumble bees outperform honey bees as raspberry pollinators. We conclude that honey bees remain the best option for open-field pollination of raspberry. Our results accurately represent the relative single-visit efficacy of the five bees studied here, but overall performance includes other traits, such as crop fidelity, visitation rate, activity patterns, and interspecific interactions (Rogers et al. 2013) . Incorporating these additional traits may ultimately reveal differences in pollination value sufficient to justify the adoption of one of these alternative bees for raspberry pollination.
